Aims Assessment of left and right systolic atrial reservoir function in asymptomatic mitral stenosis (MS) by strain and strain rate imaging (SRI) and their prognostic power at 3 year follow-up was the purpose of this study. There is clear indication to treat (by surgery or percutaneous valvotomy) symptomatic patients with MS, whereas for the asymptomatic ones, the question is much debated. So, we need new echocardiographic parameters helpful for the management of asymtomatic patients. Atrial reservoir function by SRI could help in evaluation of these patients. Methods and results Fifty-three asymptomatic patients with MS and 53 healthy controls were evaluated by the standard echo-Doppler study [mitral valve (MV) area, mean gradient, systolic pulmonary pressure, left atrial (LA) width, LA volumes, LA compliance index] and by Doppler myocardial imaging (velocity, strain, and SR of both atria). The endpoint at 3 year follow-up was symptoms, hospitalization for cardiac cause, atrial fibrillation, thrombo-embolic events, valvular surgery, or percutaneous commissurotomy. LA width, volumes, and systolic pulmonary pressure were significantly increased in MS patients (P , 0.001). Atrial myocardial velocities and deformation indices were significantly compromised in MS patients (P , 0.0001). Significant correlation was found between atrial myocardial velocity and MV area (by pressure half-time method: P ¼ 0.019, R ¼ 0.41; by planimetric method: P ¼ 0.016, R ¼ 0.43). Peak systolic LA myocardial strain and SR were significantly correlated with atrial volumes (strain: P ¼ 0.03, R ¼ 20.28; SR: P ¼ 0.0008, R ¼ 20.42), with atrial compliance index (strain: P ¼ 0.04, R ¼ 0.26; SR: P ¼ 0.04, R ¼ 0.16), with atrial ejection fraction (strain: P , 0.0001, R ¼ 0.56; SR: P ¼ 0.03, R ¼ 0.43). At 3 year follow-up, 22 (41%) patients had events. Comparing the MS patients who had events during the 3 year follow-up with those who did not, the former had bigger LA volumes, although these parameters did not reached a significant value, whereas atrial myocardial systolic SR was significantly impaired in patients with events. In multivariate analysis, the best predictor of adverse events was LA peak systolic SR average (P ¼ 0.04; coefficient: 0.113; SE: 0.055; cut-off value of 1.69 s 21 for LA peak systolic SR average) with a sensitivity of 88%, specificity of 80.6%, area under the receiver operating characteristic curve of 0.852 (SE: 0.048; 95% CI: 0.74-0.93, P ¼ 0.0001). Conclusion Atrial myocardial deformation properties, assessed by SRI, are abnormal in asymptomatic patients with rheumatic MS. The degree of this impairment is predictor of events in a 3 year followup. SRI could be helpful in decision-making of asymtomatic patients with MS.
Introduction
Mitral stenosis (MS) still results in significant morbidity and mortality worldwide.
1,2 Type of treatment, as well as its timing, should be decided on the basis of clinical, morphological, and functional characteristics. 3 Although there is clear indication to surgically or percutaneously treat MS in symptomatic patients, for the asymptomatic ones, there is agreement to treat only in the presence of pulmonary hypertension. 4 These patients may feel asymptomatic for years and often present only a gradual decrease in their activity. 3 So a diagnostic tool, capable to evaluate which asymptomatic patients are at risk of adverse events, may be very useful.
Strain rate imaging (SRI) allows the determination of velocity gradients between two myocardial points. 5 SRI has been used to assess atrial function in healthy subjects as well as in several diseases involving the atria. [6] [7] [8] [9] [10] [11] [12] [13] So far, there are no studies on SRI to assess atrial function in patients with MS.
Thus, our aim was to assess the effect of pure rheumatic MS on right and left systolic atrial reservoir function, using SRI in asymptomatic patients with a normal stress ECG, and evaluation of prognostic value of SRI in these patients.
Methods Patient population
Among the 265 MS patients followed at our institution, we consecutively enrolled 53 patients according to the following inclusion criteria: mild to moderate MS of rheumatic origin; sinus rhythm; a recent (,2 months) negative exercise treadmill ECG at the peak heart rate; no need for medical therapy. Exclusion criteria were: NYHA class !II, spontaneous echocontrast, diabetes mellitus, blood arterial hypertension, dyslipidaemia, coronary artery disease, arrhythmias (according to history, ECG at the inclusion, and exercise treadmill ECG), associated valvular lesions such as more than mild aortic or mitral insufficiency, or more than mild tricuspid regurgitation, pulmonary arterial hypertension (!45 mmHg), left ventricular (LV) and right ventricular (RV) systolic dysfunction [LV ejection fraction (EF) ,55%, RV systolic annular velocity ,11.5 cm/s], LV hypertrophy (both septal and posterior wall thickness .11 mm), lung disease, and inadequate echocardiograms.
Fifty-three patients responded to these criteria and were included in the study.
As a reference group, we studied 53 healthy adult visitors, matched for age and sex.
Echocardiographic study Standard transthoracic echocardiography
A complete echo mono-and two-dimensional (2D) colour Doppler echocardiogram was performed in each subject using a commercial GE Vingmed System VII (Horten, Norway) with a 3.5 MHz variable frequency harmonic phased array transducer.
Left atrium (LA) width was measured during systole. 14 The maximum and the minimum LA volume were calculated from apical four-and two-chamber zoomed views of the LA, using the biplane method of discs. 15 The difference between maximum and minimum LA volume divided by the minimum LA volume was used as an index of atrial compliance. 12 LV global systolic function was evaluated by EF, by the biplane Simpson method. 16 RV systolic function was evaluated by peak systolic tricuspid annulus velocity. 17 MS area was evaluated by using 2D planimetry, and the pressure half-time (PHT) method, velocity time integral of mitral valve (MV) for mean transmitral gradient. 4, 18 Pulmonary arterial pressure was estimated from the tricuspid regurgitation always adding 5 mmHg. Three beats in each view were analysed and averaged.
Doppler tissue imaging and strain rate imaging
Real-time 2D colour Doppler myocardial imaging (CMDI) data were recorded from the LA and right atrium (RA), using standard apical views at a high frame rate (.180 fps). CMDI data were stored in digital format and analysed offline with dedicated software (Echopac, GE Vingmed). This method allowed us to calculate three parameters: local peak systolic velocity (V ), local peak systolic SR and its integral, and local peak systolic strain (S).
Our methodology for the CDMI study of the atria has been extensively described previously. 12 During LV systole, LA acts as a reservoir, collecting blood from the pulmonary veins while MV is closed, and so LA enlarges. Passive stretching of the LA walls, during LV systole, leads to LA longitudinal Figure 1 Left atrial myocardial velocity (A), strain (B), strain rate (C) curves in controls obtained by placing sample volume in left atrial wall, near the roof. Left atrial reservoir function is studied by peak systolic value, left atrial conduit function by peak early diastolic value, and left atrial pump function by peak late diastolic value.
lengthening, and lengthening is recorded as a positive S and SR value ( Figure 1) . 19 During early diastole, LA acts as a conduit, for passive emptying and as a booster pump during atrial contraction in late diastole. During LV diastole, there is atrial shortening and shortening is recorded as a negative SR value (Figure 1) .
Analysis was performed for atrial longitudinal V, SR, and S at the basal segment (near the atrial roof) from the apical views of the LA septum, LA lateral wall, RA free wall (from the apical four-chamber view), and LA inferior and LA anterior wall (from the apical twochamber view).
To derive V, SR, and S profiles from the studied segment, a 6 Â 3 mm region of interest with elliptical shape was chosen and was continuously manually tracked frame by frame to maintain its position within atrial wall with a proprietary semi-automated tracking algorithm. Peak positive systolic, early diastolic, and late diastolic values were calculated from the extracted curves ( Figure 1) .
Average peak systolic, early diastolic, and late diastolic S, SR, and V values were calculated as the sum of the peak values recorded in each LA wall divided by the number of the studied walls.
Follow-up
Serial prospective follow-up (3 year) was obtained in all patients by means of a physician-directed telephone interview using a standardized questionnaire. The physicians were blinded to patient echocardiographic results. Hospitalization for cardiac cause was confirmed by the review of hospital medical record. All patients or relatives were interviewed at least each 3 months during the follow-up period. After the inclusion, all patients were seen every 6 months at an outpatient clinic and at any time the patient complained of symptoms. At each examination, a standard 12-lead ECG was used, and an inquiry was made about symptoms. A 24 h Holter recording was performed at every 6 months and at any time the patient had any symptoms suggesting atrial fibrillation (AF).
The endpoint of the study was a composite of: occurrence of symptoms, hospitalization for cardiac reasons, AF, thrombo-embolic events, need for valvular surgery, or percutaneous commissurotomy. Surgery (mitral repair if possible) or percutaneous commissurotomy was performed when the patient became symptomatic or in asymptomatic patients with pulmonary hypertension. 4 
Statistical analysis
All the analyses were performed using a commercially available package (SPSS, Rel. 11.0, 2002, SPSS Inc., Chicago). To compare MS patients vs. referents, or MS patients with events vs. MS patients without events, the unpaired Student's t-test was performed for continuous variables, whereas for categorical variables, Fisher's exact test was used. Quantitative values are presented as mean + 1 standard deviation (SD).
Relation between quantitative variables was studied using the linear regression.
In addition, a multivariable analysis was performed using a forward stepwise logistic regression using the likelihood ratio test, with P-values at 0.10 as the threshold for entering or removing variables. 20 The multivariable analysis was elaborated from variables identified as statistically significant by univariate analysis and those considered clinically relevant. The Hosmer-Lemeshow goodness-of-fit test was used to check that the model adequately fit the data. The model was cross-validated by the bootstrap technique (200 runs).
In the search for a diagnostic cut-off value for occurrence of events at follow-up, a receiver operating characteristic (ROC) curve analysis was constructed and the area under the curve is reported, which is representative of the discriminatory ability of the variable cut-off. 21 Sensitivity and specificity, positive and negative predictive values of the best cut-off variable were calculated.
A P-value of ,0.05 was considered statistically significant. Inter-observer variability, expressed as coefficient of variation, was assessed by analysing 15 longitudinal regions in different, randomly chosen subjects by two independent investigators. For intra-observer variability, 15 longitudinal regions were analysed by one investigator two times within an interval of 4 weeks. The second round of intra-observer measures was blinded to the results from initial measures.
Results
General characteristics of the studied sample are presented in Table 1 .
MS patients showed LV dimension and LVEF comparable with that assessed in controls. LA width, LA volumes, as well as systolic pulmonary pressure were significantly increased in MS patients.
CDMI data were obtained in all the included patients. Atrial myocardial velocity and atrial myocardial deformation indices of both RA and LA were significantly compromised in MS patients ( Table 2) .
Significant correlation was found between MV area and atrial myocardial velocity (area by PHT: P ¼ 0.019, R ¼ 0.41; area by planimetric method:
Peak systolic LA myocardial strain and SR were inversely correlated with atrial volumes (strain and maximal atrial volume: P ¼ 0.03, R ¼ 20.28; SR and maximal atrial volume:
Peak systolic LA myocardial strain and SR were significantly correlated with atrial EF (strain: P , 0.0001, R ¼ 0.56; SR: No correlations were found between pulmonary arterial pressure, estimated from the tricuspid regurgitation, and both RA and LA S and SR.
In our results, no gender-based differences were found. After a 3 year follow-up, 22 (41%) patients out of 53 had events: 6 patients had at least one episode of AF, 7 patients became symptomatic (NYHA class III, all had unfavourable anatomy and all at the time of the study refused the surgical option), 4 underwent percutaneous valvuloplasty (favourable anatomy and occurrence of symptoms), and 5 underwent MV replacement (all had unfavourable anatomy, in three cases associated with dense spontaneous contrast in LA and occurrence of symptoms and pulmonary pressure .50 mmHg, and in two cases associated with symptoms and recent paroxysmal AF).
Comparing clinical characteristics of the MS patients who had events during the 3 year follow-up with those who did not, the former were older, with larger LA width and bigger LA volumes ( Table 3) , although these parameters did not reached a significant value.
LA myocardial systolic SR was significantly impaired in patients with events compared with those without events during the 3 year follow-up, whereas there was no significant difference in RA myocardial deformation properties between groups (Table 4) .
Instead, although early and late diastolic atrial myocardial velocity (P ¼ 0.008), strain (P ¼ 0.0001) and SR (P ¼ 0.009) values were significantly lower in MS patients than controls, no significant differences were found between MS patients with and without adverse outcome. Figure 2 Correlation between left atrial peak systolic strain rate (s
21
) and maximal left atrial volume (mL) (A) and between left atrial peak systolic strain (%) in mitral stenosis patients and left atrial ejection fraction (%) (B).
In multivariate analysis (including age, LA maximal volume, MV area at PHT, and LA SR average), the best predictor of events was the LA peak systolic SR average (P ¼ 0.04; coefficient: 0.113; SE: 0.055).
In ROC analysis, in predicting events, a cut-off value of 1.69 s 21 for LA peak systolic SR average was associated with a sensitivity of 88%, specificity of 80.6%, area under the ROC curve of 0.852 (SE: 0.048; 95% CI: 0.74-0.93; P ¼ 0.0001).
The intra-and inter-observer variabilities were 4 and 5.5% for peak systolic velocities, 5 and 7% for strain values, and 7 and 9% for SR, respectively.
The intra-and inter-observer variabilities were: for early and late diastolic velocities, 7 and 9%, respectively; for strain values, 11 and 17%, respectively; and for SR, 12 and 18%, respectively.
Discussion
This is the first attempt to study the atrial myocardial deformation properties in patients with MS. In this study, for the first time, it is demonstrated that LA and RA myocardial deformation properties are abnormal in MS patients.
Mitral stenosis and left atrial evaluation
MS is one of many conditions associated with LA dilation and remodelling. The atria will enlarge in response to two broad conditions: pressure and volume overload. 22, 23 A wide range of LA pressure exists in rheumatic MS despite similar MV area because an important determinant of LA pressure is LA compliance. 24 Despite similar MV area patients with rheumatic MS may have different grade of depressed LA compliance and hence differences in LA stiffness.
Kono et al. 25 suggested that increased pressure in LA myocardium may lead to progressive intrinsic LA dysfunction. Thus, LA dysfunction will be present even in a stage with slightly elevated LA pressure. In this stage, parameters of LA contractility, assessed by a conventional Doppler echocardiography, are increased; thus, it will be difficult to detect LA dysfunction by these methods. 25 SRI may enable the detection of LA stiffness and LA dysfunction even in this stage. 13 LA dysfunction may induce thrombogenesis, intra-atrial stasis with dense spontaneous contrast in LA, and occurrence of AF. 13 Tsang et al. 26, 27 in more than one study reported that volume was more predictive of future AF and other cardiovascular events than LA dimension in variable clinical population, suggesting that LA volume may be a more sensitive index of LA remodelling than LA dimension.
Mitral stenosis and left atrial strain rate imaging
Previous studies demonstrated that peak systolic SR is a more sensible index of atrial dysfunction than atrial diameter and volume, because in atrial diseases, it is changed before a clear increase in atrial dimensions and volumes. 13 Inaba et al. suggest that follow-up study is needed to determine whether LA dysfunction assessed using SRI is a predictor for the development of cardiovascular events (e.g. stroke, thrombo-embolism, atrial arrhythmias). They reported that assessment of LA function in patients with AF by SRI may permit the detection of LA dysfunction non-invasively. 13 These findings support our results, suggesting that SRI may allow evaluation of the discovery of LA reservoir dysfunction and its prognostic value in MS.
In fact, our study demonstrated that systolic atrial myocardial deformation properties are compromised in MS patients and atrial peak systolic SR is able to predict events in MS patients in a 3 year follow-up.
The changes in peak systolic atrial myocardial deformation properties in patients with MS may be due to disorganization of the atrial muscle bundles and atrial fibrosis. 28 In the presence of the same degree of MS as assessed by the standard echocardiographic study, patients may become symptomatic and show a different prognosis, because of different degrees of atrial muscle bundles disorganization and atrial fibrosis, causing atrial stiffness and atrial reservoir dysfunction. 28 These atrial alterations may be demonstrated by SRI.
Conversely, atrial myocardial deformation properties measured during early and late diastole failed to discriminate MS patients with adverse events from those without events, probably because of their lower reproducibility, as demonstrated in a previous study. 12 Indeed, we found it easier to measure the peak systolic value because of the highest rate of change. Moreover, several studies demonstrated the superiority of peak systolic atrial myocardial deformation properties as predictor of AF and cardiovascular events than diastolic atrial deformation parameters.
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Mitral stenosis and right atrial strain rate imaging
In this study, RA myocardial deformation properties were significantly reduced in MS patients when compared with controls; however, RA S and SR were not predictive of events in our patients. This may be related to the major involvement of the LA in MS and also for the larger number of LA wall that can be studied with the CDMI technique, compared with the RA, allowing a more accurate evaluation of LA function.
Mitral stenosis and atrial fibrillation
The occurrence of AF is related to the degree of atrial myopathy and fibrosis. Indeed, atrial fibrosis is responsible of atrial electrical inhomogeneity and abnormal conduction velocities. [29] [30] [31] [32] It has been demonstrated that atrial remodelling, due to fibrosis and atrial myopathy, is the cause of AF. 33, 34 These findings are in agreement with previous studies demonstrating that peak systolic atrial S and SR, assessed before DC cardioversion or catheter ablation, are strong predictors of AF recurrence in patients with lone AF.
12,34

Study limitations
Like other Doppler modalities, DTI-derived strain measurements are dependent on the direction of the Doppler angle of incidence in relation to myocardial motion.
The need to manually track the LA wall and reposition the region of interest on each of the five walls frame by frame makes using this method in a clinical setting prohibitively time-consuming. Accurate manual tracking requires 20 min per patient and decreases the reproducibility. This limitation could be overcome by new 2D strain by grey scale imaging.
In addition, the correlation we found between peak systolic LA myocardial deformation properties and maximal atrial volume has a low correlation coefficient, thus they need to be confirmed in a larger sample.
Conclusion
This study demonstrated that atrial myocardial deformation properties are abnormal in asymptomatic patients with moderate MS. The degree of this impairment is predictive of events in a 3 year follow-up. SRI is able to assess early atrial reservoir dysfunction in patients with similar degrees of MS and to precociously recognize patients with worse prognosis.
Our results suggest to assess, in asymptomatic MS patients, also myocardial atrial properties by SRI, together with valve area and transmitral gradient. In fact, prognosis is worse in the presence of lower peak systolic SR values in patients with the same degree of MS, because of different degree of atrial myopathy, fibrosis, and stiffness.
